The phase assembly and microstructure of the aluminum-incorporated CaO-SiO 2 -H 2 O system, which is technologically important in autoclaved building materials, catalysis and waste management, were investigated using XRD, SEM, FTIR and NMR depending on aluminum addition, reaction temperature and curing time. The content of each phase was obtained using the MAUD program based on the Rietveld refinement. The results revealed that the formation of the tobermorite phase was promoted at Al/(Al + Si) # 0.03, and subsequently retarded by higher aluminum addition, which was corroborated by the presence of more low polymerized and cross-linked (alumino)silicate chains. The phase purity decreased with increasing aluminum addition. Aluminum changed the morphology of tobermorite from plate-like to lath-like and fibrous. About a quarter of the (alumino)silicate chains in the C-S-H structure were linked though a^Si-O-Al^configuration, and this proportion was almost independent of aluminum addition. Furthermore, only Al[4] substituted for silicon in the aluminum incorporated C-S-H, while Al [6] just exited in the hydrogarnet phase. This work is beneficial for understanding the implication on microproperties of by-products or admixtures containing aluminum in concrete.
Introduction
The hydrothermal products of the CaO-SiO 2 -H 2 O system are highly complex and are comprised of crystalline to amorphous phases, collectively denoted as C-S-H phases.
1,2 Among the C-S-H phases, tobermorite is technologically important, not only as the main binder in autoclaved building materials, but also due to its essential roles as an adsorbent and ion exchanger, which relate to its multifarious applications in catalysis and waste management. [3] [4] [5] [6] Tobermorite is formed below 180 C and undergoes a phase transition path: CaO + SiO 2 / C-S-H gel / tobermorite. 7, 8 It always appears within the rst 60 min, and its growth is completed within 5 h. 9 Three types of tobermorite exist, namely 14Å, 11Å and 9Å tobermorite, with their names relating to the d-spacing of (002) in their X-ray diffraction patterns, which depends on the number of water molecules per formula unit.
7,10-12
The 11Å tobermorite has a layered structure with a central layer of octahedral calcium accompanied by two innite silicate chains on either side. 7 The composite layers of one calcium and two silicate layers are bound together by an interlayer containing Ca 2+ , H + , Na + and H 2 O.
7,13
Recently, research interest in the aluminum-incorporated CaO-SiO 2 -H 2 O system has become hot again due to the utilization of more aluminum-bearing raw materials (e.g. metakaolinite, 8, 11 kaolinite, 1 zeolite, 6 newsprint recycling residue 12 and y ash [14] [15] [16] [17] ) and the optimization of its ion exchange performance. 4 It has also been reported that aluminum could inuence the formation of tobermorite to form Al-substituted tobermorite, in which Al substitution occurred at the Q 2 or Q 3 sites (the symbol Q represents one SiO 4 tetrahedron and the superscript indicates the number of other Q units to which it is bonded), 7 as illustrated in Fig. 1 . The coordination number of Al in the tobermorite is getting more and more attention. Kalousek rst demonstrated that Al substituted for Si in the SiO 4 tetrahedral sites, which was conrmed by Black et al. using X-ray photoelectron spectroscopy.
18, 19 Komarneni et al. further illustrated that Al [4] primarily entered Q 2 and Q 3 silicate chain sites. 4, 17 Subsequently, others suggested that Al [5] and Al [6] also occurred in tobermorite. Stade and Müller proved that both Al [4] and Al [6] appeared in synthetic C-S-H. 20 Faucon et al. rened these conclusions and proposed a model showing Al [4] on both the pairing and bridging SiO 4 tetrahedral chains, Al [5] in the interlayer, and Al [6] substituting for Ca in the central Ca-O sheet. 10 Andersen et al. denied that Al [6] 19 On the other hand, a decreasing of the polymerization of the silicate chains was also demonstrated by a greater relative intensity of the Q 1 site peak in the 29 Si nuclear magnetic resonance spectra.
14 Al substitution not only results in a deviation from the ideal structure of tobermorite, but also affects its growth and morphology, and even yields the hydrogarnet phase (C 3 AS 3Àx -H 2x , x ¼ 0-3). In particular, the effects of aluminum on the acceleration or retardation of the formation of tobermorite are different, as has been reported. The lime-quartz reaction and the crystallization rate of tobermorite were retarded with increasing Al-bearing material (metakaolin) at 180 C, as was observed by Klimesch and co-workers. 11, 17, [25] [26] [27] They indicated that the presence of aluminum reduced the structural order and thermal stability of tobermorite, identied by the fact that 11Å tobermorite transformed into 9Å tobermorite at a lower temperature. This was due to the lower Al-O binding energy.
14,19
In addition, hydrogarnet invariably appeared before tobermorite, but tended to deform as the reaction time increased. Noticeably, tobermorite changed from a plate-like morphology to brous, and hydrogarnet changed from octahedral single crystals to clusters. Mostafa et al. found that 2 mol% Al 3+ additions resulted in a decrease in the degree of crystallinity of tobermorite within 4 h and then an increase in the crystallinity for 24 h in the stirred suspension at 175 C. Consequently, the morphology of tobermorite changed from plate-shape to lathshape. 3 Shaw et al. conrmed that the rate constant k for the formation of tobermorite increased with increasing aluminum content from Al/(Al + Si) ¼ 0 to 0.15, and the corresponding activation energy was calculated to increase from 19 to 37 kJ mol À1 . 7 Moreover, the authors reported that the presence of Al 3+ accelerated the crystallization rate of tobermorite. 8 Al substitution into the silicate structure led to a decrease in the Si 2p binding energies, implying a weakening in the degree of silicate polymerization, which was demonstrated by a greater relative intensity of the Q 1 site peak in the 29 Si nuclear magnetic resonance spectra. 14, 19 Therefore, tobermorite is readily formed from the shorter silicate chains.
It was conrmed that aluminum incorporation led to the formation of hydrogarnet and played a signicant role in the formation of tobermorite. 18, 24, 28 Serry et al. found that hydrogarnet crystallized at the early stage of hydration in the low-lime content mixtures of metakaolin and lime. 29 Siauciunas and Baltusnikas determined that hydrogarnet always tended to form more rapidly than tobermorite in the CaO-quartz and CaOamorphous SiO 2 
30
Studies analyzing the aluminum-incorporated CaO-SiO 2 -H 2 O system have identied that the as-synthesized products change and secondary phases form with the uptake of aluminum. However, the crystalline phases are hard to quantify due to the inevitable C-S-H gel in the CaO-SiO 2 -H 2 O system. Since its development in the 1960s, the Rietveld renement of powder X-ray diffraction has been not only used to determine the crystalline phase fractions in cements and clinkers, but also to quantify the amorphous content of complex mixtures based on the weighed amount of a suitable standard. 31, 32 The motivation of this study is to better understand the effect of aluminum incorporation on the properties and microstructure of C-S-H and to clarify the phase transformation of the aluminum-incorporated CaO-SiO 2 -H 2 O system under hydrothermal conditions. The Rietveld renement of the X-ray diffraction was employed to simultaneously determine the content of the amorphous phase and crystalline phases. The information about the types and structures of the silicate anions was provided from the FTIR spectra and NMR spectra. Moreover, changes in the micro-morphology of the hydrothermal products were observed using SEM.
Experimental

Hydrothermal synthesis
In this study, calcium oxide was prepared by burning pure grade calcium carbonate at 1000 C for 6 h according to the literature. 30 Finely ground quartz (SiO 2 > 99.8%) was used as the silica source. The particle size distributions of the calcium oxide and ground quartz that were measured using laser diffraction technology (Mastersizer 2000) are shown in Fig. 2 . Aluminum hydroxide of analytical purity was added as the Al-bearing compound, and the deionized water used was obtained via standard purication methods.
Hydrothermal syntheses were carried out in a Teon-lined steel autoclave equipped with a power driven stirrer and a heat controller. The molar ratios of the initial mixtures were in accord with the ideal composition of tobermorite (Ca 5 Si 6 O 16 (-OH) 2 $4H 2 O). For all of the experiments, the designed molar ratio of Ca/(Si + Al) was xed at 0.83, and the substitution molar ratio of Si by Al was calculated as the molar ratio of Al/(Al + Si). The Al/(Al + Si) molar ratios varied from 0 to 0.12. Dry primary mixtures were stirred with deionized water (water/solid ratio of the suspension ¼ 15) for 30 min in advance to guarantee the starting materials were uniformly distributed. Then, the suspensions were quickly added into the autoclave. The autoclave was maintained at the predetermined temperature for different times and then allowed to cool naturally. The products were then collected, washed ve times with distilled water and then dried at 80 C overnight.
Characterization
X-ray diffraction (XRD) patterns were recorded using a PANalytical X'Pert Pro diffractometer equipped with CuKa radiation (40 kV and 40 mA), and a step size of 0.033 . The X'Pert Highscore Plus soware involving the JCPDS-PDF database as a source of reference data was employed to identify the possible crystalline phases in the powdery samples. The peak positions and intensities were identied using the peak search nder feature in the soware. The crystalline phases identied by the search match procedures were subsequently employed in the quantitative XRD phase analyses, which were extracted from the Rietveld renements performed in the MAUD soware program. 33 The program applied the RITA/RISTA method as developed by Ferrari and Lutterotti 34 to analyze the diffraction spectra. a-Al 2 O 3 was used as the internal standard to simultaneously determine the content of the amorphous phase, 31, 32 and then the crystalline phases. The crystal structures used to calculate the powder patterns were taken from the Inorganic Crystal Structure Database (ICSD). The collection codes for the various structures were: a-Al 2 O 3 160914, quartz 90145, tobermorite 92942 and hydrogarnet 202316. The parameters rened were: background coefficients, cell parameters, crystal structures, amount and microstructure of phase, and texture. 35, 36 A correction of the slight deformation caused by aluminum incorporation into the structure of tobermorite was applied to the cell parameters (a, b and c) if necessary during the rene-ment. 22 The proportion of all of the phases and the goodness of t were obtained aer the program had nished running. The amorphous content was calculated from the difference in the known wt% content of the standard and the wt% calculated from the renement, as described by eqn (1) . 31 Then, the content of the crystalline phases was calculated by dividing the rest by the relevant proportion.
where A m is the wt% content of the amorphous phase, W s (%) is the wt% content of the internal standard and R s (%) is the Rietveld analyzed wt% content of the internal standard. Scanning electron microscopy (Nova NanoSEM 430) coupled with energy-dispersive spectroscopy (EDS) was used to examine the morphology of the samples, as well as their elemental composition. All of the samples were coated with a thin lm of gold.
FTIR spectra were recorded in the range of 400-4000 cm
À1
on a VERTEX 70 FTIR spectrometer. For the measurements, 1 mg of the sample was diluted in 200 mg KBr, and was then pressed into disks suitable for FTIR measurement. NMR spectra for 29 Si and 27 Al were acquired at 9.4 T using a Bruker Avance III HD-400M spectrometer. The spectra were recorded at 79.49 MHz and a spinning rate of 5 kHz with a 5 second relaxation delay for the 29 Si NMR experiments, and at 104.26 MHz and a spinning rate of 12 kHz with a 1 second relaxation delay for the 27 Al NMR experiments. The spectral deconvolutions carried out on the MestReNova soware were referred to the Gaussian line-shape. 37 The silicate chain congurations were evaluated using "mean chain length" (MCL) and "cross-linking quotient" (CLQ), which are the average number of (alumino)silicate tetrahedra per tobermorite-like chain in the C-(A-)S-H structure and the ratio of the bridging tetrahedra that link the interlayer relative to the total number of tetrahedra, respectively.
38 Calculations are as follows:
where the Q n symbols represent the relative peak area of the associated silicate tetrahedra according to the results of the deconvolutions. 
Results and discussions
Analysis of the phase compositions
The XRD patterns of the synthesized products are presented in Fig. 3 . For the products prepared at 180 C for 7 h (see in Fig. 3a) , it was determined that the crystalline C-S-H phase was the 11Å tobermorite phase (JCPDS card no. . This was identied by the fact that the basal spacing of the (002) lattice plane (2q $ 7.8 ) was around 11.5Å for each product. The obvious peaks of the (002) lattice plane demonstrate a good layer-stacking structure. The XRD data shows almost no signicant change in the (002) cell dimension, which thus precludes that Al substituted for Ca in the Ca-O sheet due to their very different ionic radii (0.99Å for Ca and 0.50Å for Al 14 ). The constant (002) cell dimension also demonstrates that the fundamental Ca-silicate structure of tobermorite almost did not change when Al substituted for Si.
All of the XRD patterns were drawn with the same scale, and thus the tobermorite crystallinity of each product could be compared via the relative intensity and broadening of the XRD peaks. The main peaks at (002)/(2q $ 7.8 ), (220)/(2q $ 28 .9 ) and (222)/(2q $ 29.9 ) that were assigned to 11Å tobermorite became intensive and sharper at Al/(Al + Si) ¼ 0.03, which demonstrates the high crystallinity of 11Å tobermorite. The tobermorite crystallinity decreased with increasing aluminum addition when Al/(Al + Si) > 0.03, and at the same time, the diffraction peaks indexed to quartz (JCPDS card no. 70-3755) and hydrogarnet (JCPDS card no. 84-1354) appeared, and their intensities increased with increasing aluminum addition. The ease of tobermorite crystallization is known to be affected by the structure of the C-S-H precursor. 27 The role of Al substitution on the crystallization of tobermorite depends on its inuence on the structure of the C-S-H precursor. Reasonable Al substitution promotes the transformation of the C-S-H precursor structure into the tobermorite structure, but more Al substitution has an adverse effect. Klimesch et al. suggested that the crystallization of tobermorite decreased with increasing aluminum-bearing raw material (metakaolin) addition due to the inuence on the nature of the C-S-H precursor.
11,27
For the products prepared at 180 C for 5 h (see in Fig. 3b ), the tobermorite crystallinity was also signicantly enhanced at Al/(Al + Si) ¼ 0.03, and it then subsequently decreased with further increasing of the Al/(Al + Si) ratio. The diffraction intensities of the quartz peaks were at a minimum at Al/(Al + Si) ¼ 0.03 and then gradually strengthened, displaying a contrary tendency compared with the peaks of tobermorite. This phenomenon indicates that more Al substitution retarded the reaction between CaO and SiO 2 due to some changes in the structure of the C-S-H precursor. 
27
For the products prepared at 160 C for 7 h (see in Fig. 3c ), the diffraction intensities of the tobermorite peaks did not change with Al substitution, suggesting that the positive role of aluminum on the tobermorite crystallization disappeared at lower reaction temperatures. This is meaningful for technological applications.
Rietveld renement results
For the Rietveld renement of the X-ray diffraction analyses, homogeneously mixed powders with a-Al 2 O 3 and the products at a mass ratio of 15 : 85 were used as checked specimens, and some of the tted patterns are shown in Fig. 4 . The nal values of the weighted prole R factors, R wp and R p , were all in the range 10 AE 5%, which are values that are generally accepted as valid in the literature. 39 The rened phase compositions of all of the products are shown in Fig. 5 .
The content of tobermorite reached its maximum (71.2%) at Al/(Al + Si) ¼ 0.03 in the product prepared at 180 C for 7 h, and was increased by 27.9% compared with that of the product without aluminum incorporation, but was subsequently reduced to 19.6 wt% at Al/(Al + Si) ¼ 0.12. The quantity of tobermorite was also at its maximum (64.6%) at Al/(Al + Si) ¼ 0.03 in the product prepared at 180 C for 5 h, and was increased by 42.6% compared with that of the product without aluminum incorporation. However, the maximum content of tobermorite in the product prepared at 160 C for 7 h was less than half that of the products prepared at 180 C. This indicates that the hydrothermal temperature is a critical factor for the formation of tobermorite. The content of quartz and hydrogarnet always increased with an increasing Al/(Al + Si) ratio. Thus, the phase purity decreased with increasing aluminum addition. Previous studies have indicated that the phase purity in the synthesized calcium (alumino)silicate hydrate specimens decreased as the Al/Si and Ca/(Al + Si) molar ratios of the solid phases increased. 40 In the present study, relatively phase-pure tobermorite was formed at Al/(Al + Si) ¼ 0.03 at 180 C for 7 h. This also conrmed that the transformation of tobermorite from C-S-H gel was augmented in the presence of reasonable aluminum incorporation. The phase evolutions in the hydrothermally treated CaO-SiO 2 -H 2 O system with different aluminum additions are illustrated in Fig. 6 . In the process of C-S-H formation and crystallization, Ca 2+ quickly forms in the suspension while the solubility of quartz is low, so Ca 2+ is signicantly excessive relative to the effective Si 4+ . Due to this reason, the C-S-H precursor with a higher Ca/Si ratio is formed. The formation of the initial C-S-H precursor is progressively followed by an ordering mechanism to crystallize and form tobermorite. 7 The formation and crystallization processes of C-S-H are illustrated in Fig. 7 . This ordering mainly involves an increase in the silicate chain length through the inclusion of tetrahedra into vacancies in the chains. 7 The Ca-rich C-S-H has short chains and rearranges more easily to form crystalline tobermorite. 3 The initial formation of the C-S-H precursor can be enhanced by Al substitution. A kinetic study carried out by Pardal et al. 22 showed that the formation of aluminum-substituted C-S-H was a fast reaction that took typically less than a few hours. The existence of enough C-S-H precursor is favor for the formation of tobermorite. Apart from this nature of ordering, a suitable amount of aluminum leads to a higher degree of polymerization of the silica tetrahedral by taking up the bridging position with tetrahedral coordination, thus leading to a longer silicate chain length. 19 Once the Al substitution is beyond the suitable value, hydrogarnet is formed in signicant amounts, which retards the formation of tobermorite from the initial Ca-rich C-S-H due to a lack of available Ca 2+ in sufficient quantity. 41, 42 According to the results of the EDS, the Ca/Si ratio of the hydrothermal products prepared at 180 C for 7 h decreased from 0.79 to 0.52 as the Al/(Al + Si) ratio increased from 0 to 0.12.
Fourier transformed infrared spectroscopy
The FTIR spectra of the hydrothermal products prepared at varying reaction temperature and time are shown in Fig. 8 . We will only discuss the 1300-400 cm À1 region, in which the spectra showed remarkable changes. The vibration spectra of all of the samples could be mainly divided into three groups of bands. The rst group was due to the deformation or bending vibration of the SiO 4 tetrahedra, which is represented by the intense bands between 400 and 530 cm À1 ; 3,43 the second group (the bands at 1085, 800, and 780 cm À1 ) originated from quartz; 1, 28 the third group was assigned to the stretching vibration of the Si-O bands and ranged from 900 to 1200 cm À1 , as well as at around 670 cm À1 . 1, 3, 28, [43] [44] [45] In addition, the weak shoulder at around 870 cm À1 was attributed to CO 3 2À , which probably resulted from a slight carbonation.
3,45
For the products prepared at 180 C (see in Fig. 8a and b) , the intensity of the Si-O (Q 3 ) stretching vibration at around 1200 cm À1 increased with increasing aluminum addition when Al/(Al + Si) # 0.03, which indicates the increased polymerization degree of the (alumino)silicate chains. This is in agreement with the increased tobermorite crystallinity that was seen in the XRD analysis. When Al/(Al + Si) $ 0.06, the Si-O (Q 3 ) stretching vibration was weak, and it faded with increasing aluminum addition. Besides this, the intensity of the Si-O (Q 2 ) stretching vibration at round 970 cm À1 signicantly decreased in the presence of higher aluminum addition, indicating that the polymerization degree of the (alumino)silicate chains decreased. The incorporation of aluminum had little effect on the deformation and bending vibration of the SiO 4 tetrahedra, indicating that the fundamental Ca-silicate structure of tobermorite did not change when Al was substituted for Si. For the products prepared at 160 C (see in Fig. 8c ), the Si-O (Q  3 ) stretching vibration disappeared, indicating a low polymerization degree of the (alumino)silicate chains. This also demonstrates the decreased tobermorite crystallinity and the very low content of tobermorite that was seen in the XRD and Rietveld renement analyses.
Solid-state nuclear magnetic resonance
The 29 Si and 27 Al NMR spectra of the products prepared at 180 C for 7 h with different aluminum additions are presented in Fig. 9 . The results of the deconvolutions and the assignments of the 29 Si NMR spectra are listed in Table 1 .
The resonances at À74.09 ppm and À72.98 ppm in the 29 Si NMR spectra of the products with Al/(Al + Si) ¼ 0.03 and 0.12 were attributed to isolated tetrahedra (Q 0 ) in accord with previous studies. 37 The signals that were centered at displacement values between À75.19 ppm and À79.75 ppm were attributed to Q 1 silicon sites in C-S-H in accord with previous studies. 4, 37, 46 It can be seen from Table 1 that the relative peak area of Q 1 in the product with Al/(Al + Si) ¼ 0.03 was at a minimum, indicating an increased polymerization of the (alumino)silicate chains.
14
The well-resolved signals at around À85 ppm were due to the existence of Q 2 silicon sites, which is in agreement with the 29 Si NMR data varying from À85.7 to À83.8 ppm that was reported in previous studies. were barely detected in the infrared spectra, suggesting that NMR spectroscopy was much more sensitive than infrared spectroscopy for identifying the conguration of the (alumino)silicate chains. Aer incorporation with aluminum, the resonances slightly deviated to higher frequencies for the Q 2 (1Al) and Q 3 (1Al) sites relative to the Q 2 and Q 3 sites, respectively. 4 By comparison, Coleman identied that the Q 2 and Q 2 (1Al) sites centered at À86.5 and À83.5 ppm, and the Q 3 and Q 3 (1Al) sites corresponded with signals at À98.4 and À93.5 ppm, respectively.
38
Meanwhile, Gabrovŝek et al. 48 assigned the signals at À86 and À82.5 ppm to the Q 2 and Q 2 (1Al) sites, and those at À96 and À92 ppm to the Q 3 and Q 3 (1Al) sites. Thus, the resonances at À88.51 ppm, À89.13 ppm and À88.42 ppm in this study were 
48
Quantitative characterization of the polymerization degree of the (alumino)silicate chains is based on the MCL value: a larger MCL value indicates that the chains have a greater polymerization degree. The tobermorite-like structures contain 3-repeat tetrahedral chains (drierkette) in which the bridging tetrahedra expose their two non-bridging oxygen atoms to the interlayer.
7,14
These non-bridging oxygen atoms play a range of structural roles including cross-linking across the interlayer. A larger CLQ value shows that the (alumino)silicate chains have a greater cross-linking ability.
It is shown in Table 1 that the MCL values of the products prepared at 180 C for 7 h with different aluminum additions were 11.41-21.70, and these are nearly consistent with the values of 7.4-17.5 from previous studies on tobermorite obtained via hydrothermal synthesis. 38 The MCL value of 21.7 was at its maximum at Al/(Al + Si) ¼ 0.03, indicating the formation of highly polymerized silicate chains. However, the MCL value at Al/(Al + Si) ¼ 0.12 was just half that at 0.03, implying that the polymerization of the SiO 4 tetrahedra was hindered by higher aluminum addition. By comparing the CLQ values of 0.27, 0.25 and 0.13 for Al/(Al + Si) ¼ 0.01, 0.03, and 0.12 to the maximum theoretical CLQ value of 0.33, it can be seen that approximately 81.8%, 75.7% and 39.4% of all of the bridging tetrahedra were 29 Si NMR (left groups) and 27 Al NMR (right groups) spectra of the products prepared at 180 C for 7 h with different aluminum additions. [6] , which is based on previous studies in which the resonance of Al [6] that was at 10-12 ppm when reported by Gabrovŝek et al. 48 also occurred at 0-10 ppm when researched by Coleman and Komarneni et al. 4, 38 It is clear that the intensity and amplitude of the resonances due to Al [4] became weaker and broader with an increasing Al/ (Al + Si) ratio, suggesting a decreasing content and disordered structure. Conversely, the intensity of Al [6] increased with a rising Al/(Al + Si) ratio. According to the MCL and CLQ results, it was impossible for the intensive resonances attributed to Al [6] to be caused by the incorporation of aluminum in the silicate chain sites with lower polymerization. In other words, only Al [4] occurred in the cross-linked silicate chains, which is in agreement with the results of Andersen et al. 21 and Sun et al., 14 while Al [6] just exited in another Al-bearing phase-hydrogarnet. Plate-like tobermorite with a size of approximately 1-2 mm (see in Fig. 10a ), as observed in previous studies, 11, 44, 49 intertwined with each other to form a porous structure without aluminum incorporation. The plates began to fracture into regular patches described as lath-like that were around 1 mm long and 300 nm wide (see in Fig. 10b and c) to form a dense microstructure at Al/ (Al + Si) ¼ 0.01 and 0.03. This difference was also mentioned in a previous investigation, 3 and may prove the variations in tobermorite crystallinity that correlate to the XRD analysis. As the aluminum addition increased, the morphology of tobermorite transformed into needle-like deposits with lengths of around 1-2 mm that were covered on the surface of the laths (see in Fig. 10d ). When the Al/(Al + Si) ratio increased to 0.09 and 0.12, the needle-like deposits were dominant (see in Fig. 10e  and f) .
The changes in the tobermorite morphology indicate that aluminum had a strong inuence on the crystal habit of C-S-H. According to Bell et al., the growth of plate tobermorite corresponds to the silicate chain structure, indicating the preference for growth by extending the existing layers of silicate tetrahedra and calcium ions. 50 The increased length of the (alumino)silicate tetrahedral chains by aluminum incorporation resulted in relatively preferential growth along the b-axis, which caused the observed lath-like and needle-like morphology. Tan et al. observed that the lath-like crystalline C-S-H were thinner and longer as aluminum addition increased, until they nally changed into needles. 51 Maeda et al. also found that tobermorite showed ber-like and plate-like morphologies in the aluminum-incorporated CaO-SiO 2 -H 2 O system. 
Conclusions
The phase assembly and microstructure of the aluminumincorporated CaO-SiO 2 -H 2 O system were explored using XRD, SEM, FTIR and NMR. It can be concluded that: (1) the XRD results indicate that the formation of C-S-H and the crystallization of the tobermorite phase were promoted at Al/(Al + Si) # 0.03, and subsequently, the tobermorite crystallinity decreased with increasing aluminum addition. Excess aluminum appeared in the hydrogarnet phase. The tobermorite crystallinity was much lower at low reaction temperatures. The Rietveld renement results show that the phase purity decreased with increasing aluminum addition; (2) the FTIR and NMR results demonstrate that with suitable aluminum incorporation, the polymerization degree of the (alumino)silicate chains was increased, and the chains had a longer mean length. In addition, the type of cross-linking in the tobermorite structure was almost independent of aluminum addition. Only Al [4] substituted for silicon in the aluminum incorporated C-S-H, while Al [6] just exited in the hydrogarnet phase; (3) aluminum incorporation had a strong inuence on the morphology of tobermorite, which changed from plate-like to lath-like and then needle-like with increasing aluminum addition. These ndings will be helpful for understanding more clearly the effects of aluminum on the CaO-SiO 2 -H 2 O system under hydrothermal conditions.
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